I. INTRODUCTION
Since silicon has dominated the semiconductor industry for over 50 years, it is also one of the most studied elements. Fundamental properties such as electrical conductivity, heat capacity, etc. have been determined and studied in numerous publications. Furthermore, in the early advent of semiconductor technology it was already realized that point defects, such as impurities, self-interstitials, and vacancies, played an important role in the electrical properties of silicon by introducing energy levels within the forbidden bandgap. Point defects can also contribute to the diffusion properties of dopants and host lattice atoms. Hence, the properties of point defects in silicon are known in great detail, 1,2 even though silicon can still surprise us. 3 To a large extent the knowledge of point defects in silicon is owed to the pioneering work by Corbett and Watkins, who succesfully applied the electron paramagnetic resonance (EPR) technique to identify point defects and their annealing temperatures. 2, 4, 5 However, when discussing germanium, much is still unknown. Among the fundamental properties that still needs addressing are migration and formation energies of point defects and their annealing temperatures. It has been established that in germanium the vacancy is the dominant diffusion-mediating point defect, both in self-diffusion [6] [7] [8] [9] [10] and impurity diffusion. 9, 11 Some experimental work has been done on the determination of the formation and migration energies of the vacancy in germanium. Early work by Whan 12 estimated the value of the migration energy to be 0.2 eV. Ershov et al. 13 and Shaw 14 determined the migration energies of the neutral and singly negative vacancy. The values found by Ershov et al. were 0.52 ± 0.05 eV and 0.42 ± 0.04 eV, respectively. Shaw deduced slightly higher values, 0.7 eV and 1.0 eV, respectively. Various authors have performed quenching experiments to determine the formation energy of the singly negatively charged vacancy. 6, [15] [16] [17] [18] [19] [20] All of these studies find a formation energy close to 2 eV. It should, however, be noted that almost all the estimates above are based on indirect spectroscopic tools. The fact that Ge has several stable isotopes has until now made it impossible to replicate the triumphs of the EPR technique in Si.
For the electronic properties of a semiconductor, the levels in the bandgap of a point defect, i.e. the possible charge states of a defect, are of utmost importance. One of the most common techniques to study defect levels in semiconductors is deeplevel transient spectroscopy (DLTS). Even though germanium has not been as extensively studied as silicon, consensus seems to have been found to some extent regarding the Frenkel pair and the monovacancy. Recently Mesli et al. reported on lowtemperature irradiation-induced point defects in germanium. 21 This study associated a level at E c − 0.14 eV with the Frenkel pair. This level anneals out at 65 K in good agreement with previous studies. 22, 23 A level tentatively associated with the −/= transition of the monovacancy is found 0.14 eV above the valence band. 21 This is in agreement with previous Hall effect measurements which place this level 0.1-0.2 eV above the valence band. 19, 20 Konorova 20 and Hiraki and Suita 19 also find a 0/− level close to the valence band at E v + 0.03 eV. It can be noted that a perturbed angular correlation spectrocopy study associates an acceptor level of the vacancy at E v + 0.2 eV with the 0/− transition. 24 The stability of the divacancy at RT has from the point of view of DLTS been a long-time controversy. 25 Mooney et al. 26 claim that the divacancy is stable at RT and anneals around 150 • C, whereas more recent studies find no trace of the divacancy in alpha-particle-irradiated germanium. 25, 27 However, in a recent positron annihilation spectroscopy (PAS) study the neutral divacancy was identified and found to be stable at RT. Furthermore, strong evidence of a negative charge state for the divacancy in the bandgap was also reported. 28 These findings are supported by a recent DLTS study by Petersen et al. 29 A few low-temperature irradiation PAS studies on germanium have previously been reported. [30] [31] [32] A common feature of all these studies is that electron irradiation has been performed at cryogenic temperatures, and the samples have then been transported and measured at liquid nitrogen temperatures. The studies by Moser et al. 30 and Corbel et al. 31 show a defect lifetime component τ 2 of 290 and 292 ps, respectively. However, no further information is available about the samples, e.g. sample doping, and no direct conclusions are made on the nature of the defect. In the study by Polity and Rudolf 32 235212-1 1098-0121/2011/83(23)/235212 (5) ©2011 American Physical Society a defect-related lifetime of 281 ps is reported, measured at 90 K and associated with a monovacancy-type defect. However, no decomposition data are presented. A similar lifetime component is observed after annealing at 350 K. It is speculated that at least above RT the 281 ps component could be associated with the V 2 O complex. All of these studies observe an annealing stage at 200 K, which Polity and Rudolf associate with the annealing of the Frenkel pair.
In this paper, we make direct observations of the monovacancy in germanium and its annealing. The measurements are enabled by use of a unique PAS setup. The monovacancies are produced by low-temperature proton irradiation of weakly ntype doped (Sb) germanium, with subsequent in situ annealing and PAS lifetime measurements in the temperature interval 35-300 K.
II. EXPERIMENTAL DETAILS
The samples, n-type germanium ([Sb] ≈ 2 × 10 14 cm −3 ), were mounted in the conventional sandwich setup, 33 with a 22 Na e + -source wrapped in a 2-μm aluminum foil, on a copper sample holder in thermal contact with a closed-cycle helium cryostat. For the positron lifetime analysis we used a conventional fast-fast coincidence system with a resolution of 260 ps and a 20 μCi 22 NaCl source. The reference (bulk) lifetime in the measurements with this setup was τ B = 228 ps. Prior to the analysis, the positron annihilations in the source material, in the Al foil covering the source and as positronium, were subtracted from the lifetime spectra. The sample holder had an approximately 80 mm 2 aperture for the ion beam. The irradiation was performed with 9-10 MeV protons, with a projected range of approximately 400 μm in germanium. For a more detailed description of the unique experimental setup see Ref. 34 . To get a homogenous defect distribution within the positron implantation profile, the top sample was ground mechanically to a thickness of approximately 250 μm. The projected range of the protons in the bottom sample was thus around 150 μm, which was deep enough to avoid the ion end of range effects in the PAS analysis, as the average positron implantation depth in germanium is 80 μm. The irradiation was done in steps from a fluence of 1 × 10 12 cm −2 up to 3 × 10 14 cm −2 at 35 K in order to be able to monitor the defect production. A fluence of approximately 1 × 10 14 cm −2 was needed for a detectable increase in the average positron lifetime, which is a sign of vacancy defects being present in the material. With a typical introduction rate for primary defects in a semiconductor for 10 MeV protons, φ = 200−800 cm −1 , 34 a fluence of 1 × 10 14 cm −2 should correspond to a vacancy concentration of the order of 10 16 cm −3 . τ ave also corresponds to the center of mass of the lifetime spectrum and is insensitive to the decomposition process. The statistical error in τ ave is of the order of 1 ps. To be able to distinguish between annealing stages some samples were irradiated at 100 K.
The 9-10 MeV proton irradiation caused some activation of the sample. 35 To avoid an unwanted background in the PAS lifetime spectra from decaying As isotopes, the samples were kept at 35 K for approximately 4 days prior to the annealing experiments. The annealing was done in 30 min steps from 35 K, or 100 K, up to RT, with measurements at 35 K in between annealing steps. Figure 1 shows the average positron lifetime [ Fig. 1(c) ] after irradiation at 35 K together with the decomposed defect lifetime component τ 2 [ Fig. 1(a) ] and τ 1 [Fig. 1(b) ]. Directly after irradiation the average lifetime τ ave is approximately 245 ps. Two distinct annealing steps can be observed in the average lifetime; a reduction in average lifetime by approximately 6 ps in the temperature interval 110-160 K and a subsequent similar increase in the interval 200-230 K.
III. RESULTS
From the decomposition of the lifetime spectra it was evident that the standard trapping model with two positron states was not adequate enough to describe the spectra. τ 1 was found to be clearly above the bulk lifetime of 228 ps in the annealing interval 70-110 K, indicating that a second defect lifetime is mixed into τ 1 . This effect seems to disappear after the first annealing step (above 200 K), after which τ 1 behaves according to the two-state model. Hence, the authors emphasize that these points below 200 K for τ 1 and τ 2 in As the results in Fig. 1 clearly indicate that vacancy-type defects are still evolving at RT, we monitored this progress after the sample was removed from the cryostat and kept in air. After 14 days τ ave had increased to 252 ps, and after 28 days τ ave had stabilized at 268 ps. Once the average lifetime had stabilized, successful decomposition of the spectrum was possible and a defect lifetime τ 2 of 315 ps was obtained; see inset in Fig. 1 .
To avoid problems with the decomposition of the spectra and to be able to unambiguously identify the trapping defects, we performed a second irradiation at 100 K. The results from the annealing experiment can be seen in Fig. 2 with the measurement temperature being again 35 K. As expected, the annealing stage around 100 K was now absent, and a successful two-component decomposition was possible. A value of 272 ± 4 ps was obtained for the decomposed defect lifetime τ 2 . τ ave stayed approximately constant at a value of 254 ps up to an annealing temperature of 200 K, where an increase in the average lifetime to 256 ps was observed. This increase was accompanied by a continuous increase in τ 2 .
IV. DISCUSSION
Previous studies 21, 22 have associated an annealing stage around 70 K with the Frenkel pair in Ge. This annealing temperature coincides fairly well with the first annealing stage observed in Fig. 1(c) . Hence, we tentatively conclude that the first annealing stage observed at 100 K is due to annealing of the Frenkel pair. It should be noted that the concentration range in our measurements is several orders of magnitude higher than in, e.g. the study by Mesli et al. 21 Therefore the observation of the annealing kinetics will be slower compared with DLTS experiments, and several annealing steps are hence needed for the Frenkel pair to anneal in the PAS spectra. It should also be noted that PAS is only sensitive to the vacancy and not to the Frenkel pair as a whole. A possibility is therefore that the annealing stage at 100 K is a recombination of an isolated monovacancy and an interstitial, with the interstitial being the mobile defect.
Even though the behavior of the first lifetime component is in accordance with the two-state model of PAS above an annealing temperature of approximately 120 K, no identification of the primary positron trap left in the sample is possible. As can be seen from Fig. 1(a) the defect component τ 2 is increasing continuously above 200 K, as is the average positron lifetime. This is a clear indication that the open volume of the vacancy defects that still remain in the sample is increasing.
As noted, the annealing stage above 100 K was not observed after irradiation at 100 K. This is in accordance with the interpretation that this stage was due to the annealing of the Frenkel pair, which should not be stable when the irradiation temperature is above approximately 80 K. The identified defect lifetime component measured at 35 K after irradiation at 100 K is 272 ps. This is clearly a lifetime related to a defect of monovacancy size. 33, 36 The concentration of these vacancy defects is 1.3 × 10 17 cm −3 , calculated from the conventional trapping model. 33 This gives a defect introduction rate of approximately 300 cm −1 in agreement with the previously mentioned estimates. Since no impurities are present in a high-enough concentration the positron trap related to the 272 ps lifetime cannot be a complex of a monovacancy and an impurity. Thus, this lifetime is identified as the positron lifetime in a pure monovacancy. The intensity of this lifetime component stays constant [ Fig. 2(a) ] until the monovacancy starts to anneal at approximately 200 K. DLTS studies on low-temperature irradiated Ge assign a double acceptor level at E V + 0.12 eV to the monovacancy, 21 whereas Haesslein et al., 24 using perturbed angular correlation spectroscopy, assign a single acceptor state for the vacancy at E V + 0.2 eV. However, later investigations of the data in Ref. 21 show that the level observed is most likely the single acceptor level, 37 in agreement with Haesslein et al. Nevertheless, in the case of this study, which is performed on weakly n-type material, the monovacancy should at a first glance be negatively charged. However, the vacancy concentration exceeds the charge carrier concentration by two orders of magnitude, i.e. there are only charge carriers to ionize a small fraction of the monovacancies, and the majority of the monovacancies should thus be neutral.
As can be seen from Fig. 2 The defect lifetime for the divacancy is slightly lower compared with the 330-ps lifetime which was identified as the positron lifetime in a neutral divacancy in Ref. 28 . As the average lifetime at RT in the sample used in this study is considerably lower as compared with that of Ref. 28 , i.e. the concentration of divacancies is considerably lower, it can be speculated if the 315 ps lifetime is the positron lifetime in a negatively charged divacancy. That could be the case if there are enough charge carriers to ionize at least a considerable fraction of the divacancies.
In the schematics of Fig. 3 , we summarize the vacancy reactions deduced from the measurements in this paper. In the first annealing stage around 100 K a considerable fraction of vacancies are annealed when the close Frenkel pair or an isolated monovacancy and interstital recombine. The vacancies left in the samples after this annealing stage become mobile at approximately 200 K and either anneal or pair with another vacancy to form more stable divacancies.
V. CONCLUSIONS
We have used an experimental PAS setup to directly observe the monovacancy in germanium and to study the annealing stages of this defect. In situ positron annihilation spectroscopy measurements on low-temperature proton irradiated weakly n-type doped germanium show two annealing stages; the first stage at 100 K was associated with the annealing of the close Frenkel pair and the second stage at 200 K with the annealing of the monovacancy. A positron lifetime of 272 ps was identified as the positron lifetime in the germanium monovacancy. In the annealing experiments performed at temperatures above 200 K it was observed that neutral monovacancies paired to form divacancies.
